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AV-1 protein is a membrane-localized glycoprotein which is expressed in a stage- and position-specific manner during limb 
development and is a candidate pattern formation molecule. In this study, we have purified the AV-1 protein using an 
affinity column coupled with the anti-AV-1 monoclonal antibody. Using the purified protein, we produced a rat anti-AV-
1 antiserum. Characterization of the antiserum by immunoblotting and immunostaining showed highly specific reactivity 
which was identical to that of the anti-AV-1 monoclonal antibody. The rat anti-AV-1 antiserum was injected into the 
vitelline vein of stage 20 chick embryos and these embryos were allowed to develop further to examine the effect of the 
antibody on limb pattern. The injected embryos developed deformed limbs. Many of the abnormalities in limb cartilage 
pattern were related to the normal pattern of the AV-1 expression, suggesting an involvement of the AV-1 protein in the 
process of limb pattern formation. © 1996 Academic Press, Inc. 
INTRODUCTION 
Many studies of pattern formation in vertebrate limbs 
have been reported. From studies of chick limb buds, it is 
known that the AER (apical ectodermal ridge) maintains the 
proliferating distal mesenchyme (progress zone; PZ) cells in 
an undifferentiated state (Zwilling, 1972; Summerbell and 
Lewis, 1975; Rowe and Fallon, 1982; Cairns, 1975). Re-
cently, FGF4 and FGF2 have been implicated as the AER 
factors (Niswander et al., 1993; Taylor et al., 1994; Fallon et 
al., 1994). Concerning pattern formation along the proximo-
distal (P-D) axis, it has been demonstrated that HoxA genes 
have a unique expression pattern and roles along the P-D 
axis (Yokouchi et al., 1991b; Small and Potter, 1993). With 
regard to pattern formation along the anterior-posterior (A-
P) axis, a posterior zone (zone of polarizing activity; ZP A) 
is known to play a crucial role (Saunders et al., 1958; Bal-
cuns et al., 1970; MacCabe et al., 1973; Javois and Iten, 
1981). Recently, it has been reported that sonic hedgehog 
(shh) can mediate the polarizing activity of the ZPA (Riddle 
et al., 1993). It is also known that HoxD genes have a unique 
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expression pattern along the A-P and P-D axes (Dolle et 
al., 1989; lzpisua-Belmonte et al., 1991; Nohno et al., 1991; 
Yokouchi et al., 1991b) and have an essential role in limb 
patterning (Morgan et al., 1992; Dolle et al., 1993; Davis 
and Capecchi, 1994). 
However, it is still unclear how these molecules contrib-
ute to the formation of the final limb pattern. How does 
shh specify positional information within the limb field? 
What is the significance of the unique nested expression 
pattern of Hox genes? How do Hox genes contribute to posi-
tional information? How do all the identified molecules 
interact with each other to create the limb pattern? To an-
swer these questions, it will probably be necessary to ex-
plore the mechanisms of cell-to-cell interactions in limb 
patterning. Until now, little has been described about the 
molecular nature of cell-to-cell interactions in limb pattern 
formation, and little is known about a particular membrane 
molecule which may have a direct role in such cell-to-cell 
interactions. 
The A V -1 protein is a membrane glycoprotein whose ex-
pression shows both stage and position specificity. The 
characteristics of AV-1 suggest a role in limb pattern forma-
tion (Ohsugi and Ide, 1986; Ohsugi et al., 1988). When the 
AER is removed from the chick limb bud the expression of 
AV-1 protein becomes undetectable. The protein is reex-
pressed if an AER is regrafted (Watanabe et al., 1993). Fur-
ther, AV-1 expression is maintained in vitro in the presence 
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of FGF2 (Watanabe et al., 1993). These results show a close 
relationship between AV-1 expression and the AER and pu-
tative AER factors. When the ZP A or a retinoic acid (RAJ-
containing bead is grafted to the anterior margin of the limb 
bud, a duplicated pattern of AV-1 is observed (Ohsugi and 
Ide, 1986; Yokouchi et al., 1991a; Ohsugi and Ide, 1993), 
showing an additional relationship between AV-1, the ZPA, 
and agents that can mimic the effect of the ZP A. From this 
evidence, it is possible that A V -1 expression reflects some 
aspect of positional identity in the developing limb bud, 
and it might therefore play a role in limb patterning. 
In this study, we have examined the contribution of the 
AV-1 protein to limb pattern formation. We have purified 
the A V -1 protein, produced an anti -A V -1 polyclonal antise-
rum, and studied the effects of its injection into the circula-
tion of early chick embryos on limb pattern formation. 
MATERIALS AND METHODS 
Chick Embryos 
White Leghorn chick embryos were incubated at 38°C for various 
times. Embryos were staged according to Hamburger and Hamilton 
(1951). 
Anti-A V-1 Monoclonal Antibody 
A hybridoma cell line producing the anti-AV-1 antibody (IgG1; 
Ohsugi et al., 1988) was grown in serum-free medium (Cell Grosser 
H; Sumitomo, Tokyo). The culture supernatant of this hybridoma 
line (3 liters; 8 X 105 cells/ml) was collected and the anti-AV-1 
antibody was purified using a protein A column (Bio-Rad). 
Purification of the AV-1 Protein 
Chick limb buds at stage 25-26 were homogenized in ice-cold 
PBS (phosphate-buffered saline; 10 mM sodium phosphate buffer, 
pH 7.4, 150 mM NaClJ with a Teflon homogenizer, and then centri-
fuged at 100,000g for 1 hr at 4°C. The precipitate was dissolved in 
PBS containing 0.3% (w/vJ Triton X-100 (0.3% Triton X-PBS). 
After ultrasonic disruption, the crude extract was first applied to a 
column of agarose beads (Affi-Gel-10, Bio-Rad) coupled with casein, 
then it was passed over an Affi-Gel-10 column coupled with the 
anti-AV-1 monoclonal antibody. After extensive washes with 0.3% 
Triton X-PBS, bound material was first eluted with 0.5 M 
MgC12 0.3% Triton X-100-10 mM phosphate buffer, pH 7.4 (solu-
tion A), and then with 3.5 M MgC12 (solution B). The latter eluate 
was used to immunize rats. 
Anti-A V-1 Protein Antiserum 
To produce anti-AV-1 antiserum, solution B ( 1 p,gfrat) emulsified 
in Freund's complete adjuvant (Difco) was injected into footpads 
of female rats. After 3 weeks, a second aliquot of solution B ( 1 p,g/ 
rat) emulsified in Freund's incomplete adjuvant (DifcoJ was in-
jected. The antiserum was collected 10 days after the second injec-
tion after checking the titer. To produce a control antibody, rat 
antiserum against Escherichia coli ,13-galactosidase (Sigma) was pro-
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duced. The amount of IgG in the anti-AV-1 antiserum and the anti-
E. coli ,13-galactosidase antiserum were compared by dot blotting 
using anti-rat IgG antibody. 
Microinjection 
Control and experimental antisera were injected into the vitel-
line veins of stage 20 chick embryos. Injections were carried out 
using a glass needle controlled by a micromanipulator. The injected 
volume of each antiserum was adjusted (1.5 p,l for anti-AV-1 rat 
serum and 3 p,l for anti-E. coli ,13-galactosidase rat serum) so as to 
deliver the same amount of IgG in each case. After the injection, 
embryos were placed back into the incubator and allowed to de-
velop. 
Observation of the Skeletal Pattern 
On the ninth day of incubation (6 days after microinjection), 
embryos were fixed in 10% formalin, stained in 0.1% Aldan blue-
70% acid alcohol, dehydrated in ethanol, and then cleared in 
methyl salicylate. 
Electrophoresis 
After being mixed with the sample buffer (62.5 mM Tris-HCl, 
pH 6.8, 2% SDS, not including 2-mercaptoethanol) and standing 
for 30 min at room temperature, each sample was applied to a 5% 
polyacrylamide slab gel with a 3% stacking gel and then electropho-
resed using the buffer system of Laemmli (1970). In some cases, 
the sample was mixed with the sample buffer containing 5% 2-
mercaptoethanol (see Results). 
Silver Staining 
After electrophoresis, the gels were fixed in 70% ethanol-10% 
acetic acid, washed in H20, and reacted in 0.2% AgNOr0.3% 
NH40H-50 mM NaOH for 20 min. After washing in H20 four 
times each for 2 min, the gels were stained in 0.038% HCH0-1 
mM citrate. 
Immunoblotting 
After electrophoresis, the proteins were transferred to a nitrocel-
lulose membrane according to the method of Towbin et al. (1979). 
The membrane was washed in PBS, incubated in a blocking buffer 
(PBS containing 0.5% (w/v)lowfat milk; Yukijirushi) for 1 hr, to 
abolish nonspecific binding, and then incubated with the anti-A V-
1 monoclonal antibody culture supernatant or anti-AV-1 antiserum 
( 1/400, diluted with the blocking buffer) for 2 hr at room tempera-
ture. The nitrocellulose membrane was then washed four times 
with the blocking buffer containing 0.05% (w/vJ Tween 20 for 5 
min each, followed by incubation with an alkaline-phosphatase 
(ALP)-conjugated F(ab' h fragment of goat anti-mouse IgG (Promega, 
1/7500, diluted with the blocking buffer) or of rabbit anti-rat IgG 
(Tago, 1/800, diluted with the blocking buffer) for 2 hr at room 
temperature and then washing four times with 0.05% (w/v) Tween 
20-PBS for 5 min each. The AV-1 antigen was detected by treat-
ment with 330 p,g/ml NBT, 165 p,g/ml BCIP in AP buffer ( 100 mM 
Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM MgC12 ). The reaction was 
terminated by washing the membrane in H20. 
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FIG. 1. SDS-PAGE and immunoblot analysis of the elutions from the A V -1 affinity column and of the rat antiserum raised against 
elution B. (a) SDS-PAGE and silver staining of the elutions from the AV-1 affinity column. (b) Immunoblotting of the elutions by the 
AV-1 monoclonal antibody. (c) Immunoblotting of the elutions by the rat antiserum raised against one of the elutions (solution B; lane 
4). Each sample in lanes 1-5 in (a, b, and c) is as follows. Lane 1: Solution A, which was eluted under mild conditions (see text). Lane 2: 
Solution A treated with 3.5 M MgCl2 before SDS-PAGE. Lane 3: Solution A treated with 5% mercaptoethanol before SDS-PAGE. Lane 
4: Solution B which was eluted with 3.5 M MgCl2 • Lane 5: Solution B treated with 5% mercaptoethanol before SDS-PAGE. 
Indirect Immunofluorescence Staining 
Chick embryos were fixed in periodate-lysine paraformaldehyde 
fixative (PLP; MacLean and Nakane, 1974) containing 2% para-
formaldehyde at 4°C for 2 hr, washed in PBS at 4°C overnight, 
and then immersed in 10% sucrose-PBS and 20% sucrose-PBS 
sequentially, for 2 hr each at 4°C. The limbs were embedded in 
O.C.T. (Miles), frozen in liquid nitrogen, and sectioned with a cryo-
stat. Frozen sections were reacted with the A V -1 antibody culture 
supernatant or anti-AV-1 antiserum (1/200, diluted with PBS con-
taining 3% bovine serum albumin; 3% BSA-PBS) for 1.5 hr at room 
temperature, washed with PBS, and then stained with the FITC-
labeled F(ab' h fragment of sheep anti-mouse lgG (Tago; 1/60, di-
luted with 3% BSA-PBS) or of rabbit anti-rat lgG (Tago; 1/100, 
diluted with 3% BSA-PBS) for 1.5 hr at room temperature. These 
immunochemically stained sections were observed under a fluo-
rescence microscope (Olympus). 
To observe embryonic localization of the lgG after injection of 
antiserum, injected embryos were fixed in PLP containing 4% para-
formaldehyde at 4°C for 2 hr, washed in PBS at 4°C for 2 hr, and 
then immersed in 10% sucrose-PBS for 1 hr at 4°C. The embryos 
were embeded, frozen, and sectioned. The sections were reacted 
with the FITC-labeled F(ab' h fragment of rabbit anti-rat IgG as 
described above. 
RESULTS 
Purification of the AV-1 Protein 
Crude extracts prepared from chick limb buds were ap-
plied to an affinity column coupled with the anti-AV-1 
monoclonal antibody. Bound material was eluted in two 
steps. At first it was eluted with 0.5 M MgCb-0.3% Triton 
X-100-0.01 M phosphate buffer (pH 7.4) as a mild condition 
(solution A). Second, it was eluted with 3.5 M MgC12 (solu-
tion B). The eluted solutions were separated by SDS-PAGE 
and silver-stained. 
In solution A, under nonreducing conditions, a major 
band was observed at 130 kDa (Fig. 1a, lane 1). This is the 
same molecular weight as previously demonstrated for AV-
1 protein using the anti-AV-1 monoclonal antibody (Fig. 2b, 
lane 1; Ohsugi et al., 1988). In addition to this major band, 
some other bands were observed in solution A at 160 and 
205 kDa (Fig. 1a, lane 1 ). By immunoblotting, the same 
130-, 160-, and 205-kDa bands were detected with the anti-
AV-1 monoclonal antibody (Fig. 1b, lane 1). 
In solution B, under nonreducing conditions, a major band 
of 205 kDa was observed (Fig. 1a, lane 4). This 205-kDa band 
was not detected by the anti-AV-1 monoclonal antibody by 
immunoblotting (Fig. 1b, lane 4). In solution B, in addition 
to the 205-kDa band, very faint staining was observed at 
160 kDa (Fig. 1a, lane 4). By immunoblotting, this faint 
160-kDa band as well as the 130-kDa band (which was not 
detected by silver staining) could be visualized with the 
anti-AV-1 monoclonal antibody (Fig. 1b, lane 4). When solu-
tion A was treated with 3.5 M MgC12 , and then applied to 
SDS-PAGE under nonreducing conditions, only one band 
of 205 kDa was detectable by silver staining (Fig. 1a, lane 
2). A single band of the same molecular weight was also 
observed when solution A was treated with mercaptoetha-
nol (Fig. 1a,lane 3). Neither of these two bands was detected 
with the anti-AV-1 monoclonal antibody (Fig. 1b, lanes 2 
and 3). When solution B was treated with mercaptoethanol, 
the faint 160-kDa band (Fig. 1a, lane 4) disappeared and only 
a single band of 205 kDa was observed (Fig. 1a, lane 5), 
similar to what was observed with solution A. This 205-
kDa band was not detected with the anti-AV-1 monoclonal 
antibody (Fig. 1b, lane 5). 
In total, about 8 f.J>g protein in solution B was obtained 
from about 80,000 limb buds. 
Specificity of the Anti-AV-1 Antiserum 
To produce a rat anti-AV-1 antiserum, solution B, eluted 
with 3.5 M MgC12 , was used as an immunogen. The reactiv-
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FIG. 2. Immunoblot analysis showing the specificity of the rat 
antiserum. (a) lmmunoblotting of the extracts from limb (lanes 1, 
2, and 3) and trunk (lane 4) using the rat antiserum. Total amount 
of protein in the limb extract applied in each of lanes 1, 2, and 3 
was 30, 60, and 90 JLg, respectively. Total amount of protein in 
trunk extract applied in lane 4 was 60 JLg. (b) Immunoblotting of 
the extracts from limb (lane 1) and trunk (lane 2) using the anti-
AV-1 monoclonal antibody. Total amount of protein in each extract 
applied in lane 1 and lane 2 was 60 f.Lg. 
ity of the resultant antiserum to solutions A and B was 
examined. In solution A, under nonreducing conditions, 
dark staining of the 130-kDa band was observed, and faint 
staining was also observed of the 160- and 205-kDa bands 
(Fig. 1c, lane 1). In solution B, under nonreducing condi-
tions, staining was observed of the 130- and 160-kDa bands 
(Fig. 1c, lane 4). When solution A was treated with 3.5 M 
MgCh or with mercaptoethanol, staining of immunoblot 
reaction was not observed (Fig. 1c, lanes 2 and 3). When 
solution B was treated with mercaptoethanol, immunoblot 
staining also was not observed (Fig. 1c, lane 5). The reactivi-
ties of the rat antiserum were identical to those of the anti-
AV-1 monoclonal antibody (Fig. 1b). 
To determine the specificity of the rat antiserum, its reac-
tivity to extracts from limb and trunk of chick embryos 
was examined by immunoblotting. In the crude limb ex-
tract, under nonreducing conditions, it reacted with a single 
band of 130 kDa (Fig. 2a, lanes 1, 2, and 3) which showed 
the same molecular weight as the band observed by the 
anti-AV-1 monoclonal antibody (Fig. 2b, lane 1). In the 
trunk extract, the rat antiserum shows no reactivity (Fig. 
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2a, lane 4), as is also the case of the anti-AV-1 monoclonal 
antibody (Fig. 2b, lane 2), under the same non-reducing con-
ditions. 
Immunohistochemical staining with the rat antiserum 
was also used to determine the specificity. In stage 24 chick 
limb buds, specific immunofluorescence staining was ob-
served in the anterior-distal (Figs. 3c and 3d) and anterior-
ventral (Figs. 3g and 3h) regions. These staining patterns are 
indistinguishable from those observed with the anti-AV-1 
monoclonal antibody (Figs. 3a, 3b, 3e, 3f). At all other stages 
of development examined, staining patterns of the rat anti-
serum were also identical with those of the anti-AV-1 
monoclonal antibody (data not shown). 
Effects of the Anti-AV-1 Antiserum on the Limb 
Cartilage Formation 
The anti-AV-1 antiserum was injected into the vitelline 
veins of stage 20 chick embryos, which were then allowed 
to develop further. To examine the distribution of the in-
jected antibody in developing embryos, embryos were fixed 
at 2, 6, 12, and 24 hr after injection, and the rat IgG was 
stained immunohistochemically. At 2 and 6 hr after injec-
tion, staining was observed specifically in the ventral-distal 
(Figs. 4a-4d) and anterior-distal (not shown) regions of limb 
buds. These are virtually identical to the regions in which 
the A V -1 expression can be detected in sections. At 12 hr 
after the injection, slightly reduced but well-localized stain-
ing was observed in ventral-distal (Figs. 4e and 4f) and ante-
rior-distal (not shown) regions of limb buds. This result 
indicates that the injected antibody continues to bind spe-
cifically to the AV-1 antigen in developing embryos for at 
least 12 hr after injection. By 24 hr after the injection, stain-
ing was no longer observed (Figs. 4g and 4h). 
After the injection of rat antiserum, embryos were al-
lowed to develop a further 6 days, and limb cartilage pat-
terns were observed. Injections were carried out on 79 em-
bryos. Fourteen embryos died on the day of injection and 
26 embryos died during the next 6 days after the injection. 
Thirty-nine embryos developed for 6 days after the injec-
tion, and the patterns of their limb cartilage were examined. 
Among the 156 limbs of the 39 surviving embryos, alter-
ation of the limb cartilage pattern was observed in 39 limbs 
of 17 embryos (Table 1). Each of the 17 affected embryos 
had between 1 and 4 abnormal limbs. On average, 2 abnor-
mal limbs were observed per embryo (Table 2). 
In the control experiment, anti-E. coli ,8-galactosidase rat 
antiserum was injected into 52 embryos. Seven embryos 
died on the day of injection and 11 embryos died during the 
next 6 days. In these 11 embryos, no obvious abnormality 
was observed in limb buds. Thirty-four embryos developed 
to 6 days after the injection. Among the 136 limbs of the 34 
surviving embryos, none showed any abnormality in limb 
cartilage pattern (Table 1). 
The abnormal limbs resulting from injection of anti-AV-
1 rat antiserum were classified into three groups according 
to the extent and the character of the abnormality of limb 
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FIG. 3. Immunohistochemical staining showing the specificity of the rat antiserum. Stage 24 chick limb buds were cut in a plane 
including anterior-posterior axis and proximo-distal axis (a, b, c, d) or in the plane including anterior-posterior axis and dorso-ventral 
axis (e, f, g, h). In each section, reactivities of the rat antiserum were examined (c, g) and compared with the reactivities of the anti AV-
1 monoclonal antibody (a, e). (a and e) The staining patterns using the anti AV-1 monoclonal antibody. (c and g) The staining patterns 
using the rat antiserum. b, d, f, and h show the bright-field of a, c, e, and g respectively; (a, b, c, and d) top, anterior; bottom, posterior; 
left, proximal; right, distal; (e, f, g, and h) top, dorsal; bottom, ventral; left, posterior; right, anterior. 
cartilage pattern. In group A, limb deformities were severe, 
and a wide range of cartilage elements from proximal to 
distal were affected. For example, stunted structures with 
abnormal zeugopodial and autopodial cartilage patterns 
were observed (Figs. Sc and Sd). Major deformities of this 
type were observed in 22 limbs. In 19 of the 22 limbs, evi-
dence was seen of a localized pool of blood near the de-
formed structure (Table 3, arrows in Figs. Sc and Sd). It is 
possible that the injected antibody, which becomes local-
ized to the region of A V -1 expression, stimulates an in-
flammatory response leading to a small amount of internal 
bleeding. Similar evidence of small blood pools was never 
observed in the limbs of control embryos receiving anti-E. 
coli ,8-galactosidase rat antiserum. 
In group B, limb deformities were observed only in the 
zeugopodium, the cartilage patterns of the stylopodium and 
autopodium were almost normal, and 14limbs fell into this 
group. These deformities could be subdivided into six types. 
The first type of deformity is a partial loss of the radius and 
ulna (one sample). The second type is a partial loss of the 
radius and a shortened ulna (two samples, Fig. Sh). The third 
type is a partial loss of the tibia and a shortened fibula (one 
sample). The fourth type is a shortened and curved radius 
and a shortened ulna (seven samples, Figs. Se and Sg). The 
fifth type is a shortened and curved tibia and a shortened 
fibula (two samples). The sixth type is a shortened tibia and 
a shortened fibula (one sample, Fig. Sf). In all limbs of the 
first, second, and third types (4limbs), 2limbs of the fourth 
type and 1 limb of the fifth type, a pool of blood was ob-
served (Figs. Se, Sf, and Sh ). In S limbs of the fourth type, 
1 limb of the fifth type and 1 of the sixth type, a blood pool 
was not observed (Fig. Sg). In the last group, group C, change 
in limb cartilage pattern was only observed in the autopod-
ium (Figs. 6a and 6b). In all of the limbs in this group, 
abnormalities were observed only in digit 2 of the hindlimb. 
In two cases, digit 2 was completely lost although other 
digits (digits 1, 3, and 4) were completely normal (Fig. 6a). 
In one case, an incomplete and shortened digit 2, which 
branched from digit 3, was observed (Fig. 6b). Also in this 
case, other cartilage elements were completely normal. In 
none of these three limbs was there any evidence of forma-
tion of a blood pool. 
We examined whether enhanced cell death occurred in 
the antibody binding area by a Nile blue staining or by a 
method of TUNEL (terminal deoxynucleotidyl transferase 
mediated dUTP-biotin nick end labeling; Gavrieli et al., 
1992). We examined 12 embryos at 1 day after the injection 
and 20 embryos at 3 days after injection. In none of these 
embryos was the normal area of cell death increased or 
intensified (Saunders et al., 1962; Hinchliffe, 1974). 
In addition to the defects of limb cartilage patterns, abnor-
malities were observed in eyes of several embryos after anti-
AV-1 antiserum injection. Among 39 surviving embryos, 4 
embryos lack a left eye. In three embryos, one or both eyes 
are small. Two embryos have an abnormal eye with reduced 
pigment (Table 4). 
DISCUSSION 
Purification of the AV-1 Protein 
In this study, we have purified the AV-1 protein using 
an affinity column coupled with the anti-AV-1 monoclonal 
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FIG. 4. Distribution of the rat IgG after the rat antiserum injection. The rat antiserum was injected into the vitelline vein of stage 20 
chick embryos, and allowed to develop for 2, 6, 12, and 24 hr. Each embryo was fixed, sectioned, and stained using FITC labeled anti-rat 
IgG antibody; (a, b) 2 hr after the injection; (c, d) 6 hr after the injection; (e, f) 12 hr after the injection. (g, h) 24 hr after the injection. a, 
c, e, and g show staining patterns. b, d, f, and h show the bright-field of a, c, e, and g, respectively. All sections were cut in a plane 
perpendicular to the body axis including a limb bud; top, dorsal; bottom, ventral: Bar, 500 mm. 
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TABLE 1 
Survival after the Injection of Rat Antiserum 
A 
B 
c 
D 
E 
F 
Total number of injections 
Embryos died on the day of injection 
Embryos died between second and sixth days 
after injection 
Embryos developed to sixth day after injection 
Embryos from D which have abnormallimb(s) 
Limbs with abnormal cartilage pattern in D 
antibody. Silver staining after nonreducing SDS-PAGE of 
solution A (mild elution) showed a major band of 130 kDa, 
the same molecular weight as the AV-1 protein determined 
previously by immunoblotting with anti-AV-1 monoclonal 
antibody (Ohsugi et al., 1988). Furthermore, the anti-AV-1 
monoclonal antibody reacted with this band, confirming 
that the 130-kDa band is AV-1 protein. Different results 
were obtained with solution B (eluted with 3.5 M MgC12 ) 
which gave a major band of 205 kDa under similar condi-
tions. This band did not react with anti-AV-1 monoclonal 
antibody. When solution A was treated after elution with 
3.5 M MgC12 , all bands including the major 130-kDa band 
in solution A shifted to the single band of 205 kDa, and a 
reactivity with anti-AV-1 monoclonal antibody was lost. 
This result suggests that the 205-kDa band observed in solu-
tion B is the same protein as that observed in solution A as 
the major 130-kDa band. Some change of molecular struc-
ture of the 130-kDa protein is brought about by treatment 
with 3.5 M MgC!z. This idea is further supported by the 
fact that treatment of solution A with mercaptoethanol also 
caused the same result, namely, a shift to a single 205-kDa 
band accompanied by the loss of reactivity with the anti-
AV-1 monoclonal antibody. The 160-kDa band and other 
minor bands observed in either solution A or solution B 
seem to reflect intermediate molecular structures between 
those of the 130- and 205-kDa forms. The fact that a weak 
reaction with the anti-A V -1 monoclonal antibody was ob-
served in the 160- and 205-kDa bands in solution A may 
reflect the fact that the molecular structure of these pro-
TABLE 2 
Number of Limbs of Abnormal Cartilage Pattern per an Embryo 
which Has Abnormal Limbs 
Number of abnormal limbs 
N 2 3 4 
Number of embryos 17 4 7 3 3 
Note. Two abnormal limbs were observed in an embryo on aver-
age. 
Anti-AV-1 antiserum 
79 (100%) 
14 (18%) 
26 (33%) 
39 (49%) 
17 (44% of D) 
39 
Takayama and Ohsugi 
Anti-E. coli $-galactosidase 
antiserum 
52 (100%) 
7 (13%) 
11 (21%) 
34 (65%) 
0 (0%) 
0 
teins was not changed enough when elution conditions 
were mild to lose A V -1 reactivity. In general, a protein 
which has internal S-S bond(s) within its structure migrates 
more rapidly in SDS-PAGE under nonreducing than under 
reducing conditions (Scheele and Jacoby, 1982; Matsumura 
and Matthews, 1989; Omura et al., 1991; Opoku and Si-
mons, 1993). The behavior of AV-1 protein suggests that it 
is a protein with internal S-S bond(s) within its structure. 
Anti-A V-1 Protein Antiserum 
The pattern of reactivity of the rat antiserum to each 
solution was identical to that of the monoclonal AV-1 anti-
body, reacting with the 130-, 160-, and 205-kDa bands in 
solution A (eluted under mild conditions). This antiserum 
did not react with the 205-kDa band in solution B which 
was eluted with 3.5 M MgClz and also did not react with 
any band in solutions which were treated with either 3.5 
M MgClz or mercaptoethanol. The antigen used to produce 
the antiserum was contained in solution B, in which the 
205-kDa band was a major component. However, the antise-
rum did not react to the 205-kDa band of solution B. One 
possible explanation for this phenomenon is that the molec-
ular structure of the 205-kDa protein changed after injection 
into the rat, giving rise to the 130- or 160-kDa form in 
vivo. According to this explanation, antigenic determinants 
exposed in the 130- or 160-kDa (but not the 205-kDa) form 
of the protein were effective in stimulating antibodies. An-
other possibility is that antigenic determinants in the 205-
kDa form share some similarity with those of the 160- or 
130-kDa forms, and these were also effective in stimulating 
antibodies. Only the 205-kDa form loses its reactivity to 
antibodies on Western blots after treatment with 3.5 M 
MgC12 or mercaptoethanol, possibly because its molecular 
structure has been further changed, artificially, by binding 
to the nitrocellulose membrane. Another possibility is that 
the antigenic determinants specific to the 130- and 160-kDa 
structures, present in minor amounts in solution B, were 
the only effective antigens in stimulating antibody produc-
tion. The 205-kDa structure, although more abundant, was 
not effective in stimulating antibodies. 
The result of immunoblotting against crude extracts from 
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limb versus trunk regions indicate that the rat antiserum 
obtained in this study reacts very specifically and uniquely 
with the A V -1 protein. This specificity was also confirmed 
by immunohistochemistry, which showed an identical 
staining pattern in chick limb buds to that shown with the 
anti-AV-1 monoclonal antibody. 
Effects of the In;ection of the Anti-AV-1 Rat 
Antiserum 
In embryos in which anti-AV-1 rat antiserum was in-
jected, rat IgG was localized to the same regions as those 
which show AV-1 expression. This indicates that the rat 
IgG in the antiserum specifically binds to the AV-1 protein 
in vivo. The binding was observed strongly at 2 or 6 hr after 
the injection, but was reduced after 12 hr. This indicates 
that the effects we observe on limb pattern are the conse-
quence of binding of AV-1 antibody to AV-1 within a win-
dow of about 12 hr after injection. This period corresponds 
to stage 20 to stage 22/23 in chick development. The expres-
sion of the AV-1 protein is observed until stage 28 (Ohsugi 
et al., 1988), so, in this experiment, we may have examined 
the effect of the antibody during a limited time period when 
compared to the entire period of AV-1 expression. 
After anti-AV-1 antiserum injection, limb cartilage pat-
terns were altered in almost half the surviving embryos. 
The only other obvious abnormalities induced by anti-AV-
1 antiserum were in the eye. In some embryos, the eye was 
either reduced or completely absent. As a result of these 
findings, we subsequently examined developing eyes for the 
expression of A V -1 and found that A V -1 is expressed during 
eye development (Ohsugi et al., in preparation). It is likely 
that the eye defects that form after antibody injection are 
related to A V -1 expression in the eye, and they provide 
further evidence for the specificity of the antibody induced 
defects. In the control experiment in which anti-E. coli (3-
galactosidase antiserum was injected, no alterations in ei-
ther limb cartilage pattern or in eye development were in-
duced. Thus, the changes in limb cartilage pattern after the 
injection of the anti-AV-1 antiserum is a specific effect re-
sulting from the binding of the anti-AV-1 antibody to the 
AV-1 protein. 
Among the embryos injected with anti-AV-1 antiserum, 
some had four normal limbs and others had one to four 
abnormal limbs. This variation is most likely due to differ-
ences in the amount of antiserum bound in each limb bud. 
When smaller volumes of antiserum were injected, or when 
antiserum was injected into a vitelline artery instead of a 
vitelline vein (causing widespread dispersion of antibodies 
within the egg), a lower frequency of abnormal limb forma-
tion was observed (data not shown). 
Abnormal limbs could be classified into three groups by 
the degree of their abnormalities. In group A, limb deformi-
ties were severe and involved both proximal and distal ele-
ments. In group B, limb deformities were observed only in 
the zeugopodium. In group C, abnormalities were confined 
to the autopodium. In group A, evidence of internal bleeding 
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was observed near the deformed structure in 19 cases out 
of 22 limbs. Such internal bleeding might be a secondary 
effect, resulting from the binding of the anti-AV-1 antibody. 
It could be argued that in these severely affected limbs, the 
abnormalities were caused by internal bleeding rather than 
by the direct effect of the binding of the anti-AV-1 antibody. 
A pool of blood might act as a barrier to the cell-cell interac-
tions necessary for the formation of more distal structures. 
However, we could sometimes see evidence of internal 
bleeding in limbs that eventually formed a normal pattern. 
Furthermore, severely injured limbs, in which large regions 
of mesoderm have been extirpated, can nevertheless form 
a normal limb pattern (Hayamizu et al., 1994). Hence we 
favor the idea that the blood spots could mark the site of 
action of the antibody, but might be not the primary cause 
of the defects. 
In group B, abnormal zeugopodial patterns were observed. 
These abnormal patterns could be classified into two main 
types. The first type consists of those limbs which lack 
a part of zeugopodium and have a shortened zeugopodial 
element. In such limbs, a small spot of internal bleeding 
was observed at the zeugopodiallevel, and the zeugopodium 
was missing distal to that point. In these cases, the blood 
spot could provide a marker for the site of action of the 
antibody. 
The second type of group B abnormal patterns consists of 
limbs with a short and/or curved zeugopodium. Among 10 
of these abnormal limbs, 3 showed evidence of internal 
bleeding but 7 did not. A V-1 expression is normally ob-
served in the area between the two elements of the zeugo-
podium (Ohsugi et al., 1988). The cartilage pattern of the 
zeugopodium is specified between stages 19 and 24 in wing 
bud (Summerbell and Lewis, 1975) and stages 18 and 22 in 
leg bud (Rowe and Fallon, 1982). The binding of the anti-
AV-1 antibody in this experiment was observed within this 
period. It is therefore reasonable to think that a change 
caused by the binding of the anti-AV-1 antibody within at 
least this window of time could result in the formation of 
an abnormal zeugopodium. 
In the limbs of group C, abnormalities were only observed 
in the autopodium and only in digit 2 of the hindlimb. In 
some cases digit 2 was completely lost, and in another case, 
a shortened digit 2 branching from digit 3 was formed. In 
none of these abnormal limbs was there evidence of internal 
bleeding. In this case, as in the examples discussed above, 
the simplest explanation is that the abnormal or missing 
digit 2's result from the binding of the anti-AV-1 antibody. 
The area between digit 1 and 2 in the hindlimb corre-
sponds to the area of normal AV-1 expression (Ohsugi et 
al., 1988). By the experiment of retinoic acid bead implanta-
tion, it was shown that the formation of additional expres-
sion area of A V -1 corresponded to the formation of addi-
tional digits which are normally located just posterior to the 
AV-1 expression area (Ohsugi and Ide, 1993). This suggests a 
relationship between A V -1 expression and the formation of 
digit 2 in the hindlimb. The loss of digit 2 in the experiment 
described here is consistent with this idea. In hindlimbs, 
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FIG. 5. Limb cartilage patterns resulting from the injection of the rat antiserum. After the antiserum injection at stage 20, these embryos 
were allowed to develop for 6 days and the resulting limb cartilage patterns were observed by alcian blue staining. a, c, e, g, and h 
demonstrate forelimbs; b, d, and f demonstrate hindlimbs; (a, b) normal cartilage pattern; (c, d) examples of limbs in which deformities 
were observed severely and in a wide range from the proximal to the distal (group A). In most cases in group A, a mark of internal bleeding 
was observed (arrows). (e, f, g, h) Examples of limb deformities were observed only in zeugopodium (group B). In half the cases in group 
B a mark of internal bleeding was observed (arrows). R, radius; U, ulna; T, tibia; Fi, fibula. 
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FIG. 6. Limbs in which changes in the cartilage pattern were ob-
served only in the autopodium after the injection of the rat antise-
rum (group C). (a) A hindlimb lacking digit 2 completely; (b) a 
hindlimb with a shortened digit 2 which branched from digit 3. In 
limbs in group C, marks of internal bleeding were not observed. 1, 
2, 3, and 4 denote the digit number. 
the determination of the proximal region of the digits seems 
to occur at around stage 23 (Rowe and Fallon, 1982). The 
binding of the injected antibody was seen to be most intense 
TABLE 3 
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from stage 20 to stage 22 or 23. This means that the binding 
of the anti-AV-1 antibody in that period might affect events 
that immediately follow. Abnormal patterns like those in 
group C were observed only in the hindlimbs. This might 
be due to the fact that hindlimbs develop somewhat faster 
than forelimbs. 
The mechanism by which the anti-AV-1 antibody alters 
the cartilage pattern is not clear. The following considera-
tions are relevant to developing an understanding of these 
results. First, we need to consider the possibility that inter-
nal bleeding and the accumulation of the blood might have 
caused the changes. As described above, a majority of em-
bryos in group A and half in group B had signs of small 
blood pools. However, half of the embryos in group B and 
all in group C did not have any evidence of internal bleeding. 
It seems unlikely that all changes in these were caused by 
undetected bleeding in the antibody binding area. Second, 
we need to consider the possibility that the patterning 
changes result from cell death as a result of the interaction 
between the antiserum and AV-1. We checked such a possi-
bility by examining whether extra cell death occurred in 
the antibody binding area. We examined 12 embryos 1 day 
after the injection, and 20 embryos 3 days after the injection. 
In none of embryos was extra cell death observed in the 
antibody binding area. A third possibility is that the binding 
of the anti-AV-1 antibody inhibits the normal function of 
A V -1, which in turn leads to disruption of the limb pattern. 
Alternatively, antibody binding may stimulate the normal 
function of AV-1. Hence, if AV-1 normally acts by inhib-
iting skeletal element formation, it is possible to consider 
that antibody binding enhances this activity, causing less 
complete pattern formation than normal. 
It is not clear in what phase the A V -1 protein might have 
a role in the course of limb cartilage pattern formation. 
However, from its expression pattern, one could imagine 
Number of Abnormal Limbs Classified According to the Level of Deformity and Those with Marks of Internal Bleeding 
Total number 
Group A 
Group B 
Partially lacked radius and partially lacked ulna 
Partially lacked radius and short ulna 
Partially lacked tibia and short fibula 
Short and curved radius and short ulna 
Short and curved tibia and short fibula 
Short tibia and short fibula 
Group C 
Completely lacked digit 2 of hindlimb 
Incomplete short digit 2 of hindlimb 
Number of abnormal limbs 
39 (100%) 
22 (56%) 
14 (36%) 
1 (3%) 
2 (5%) 
1 (3%) 
7 (18%) 
2 (5%) 
1 (3%) 
3 (8%) 
2 (5%) 
1 (3%) 
Number of limbs with a 
mark of internal bleeding 
27 (69%)" 
19 (86%)" 
7 (50%)" 
1 (100%)" 
2 (100%)a 
1 (100%)" 
2 (29%)" 
1 (SO%)" 
0 (0%)" 
0 (0%)" 
0 (0%)" 
0 (0%)" 
Note. Group A: deformities were observed intensively and in a wide range from the proximal to the distal. Group B: Deformities were 
observed only in zeugopodium. Group C: Deformities were observed only in autopodium. 
" Showing the percentage of limbs with a mark of bleeding within each type of defect. 
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TABLE 4 
Incidence of Abnormal Eyes after the Injection of Rat Antiserum 
Number of Defects of limbs in each 
abnormal eyes embryo 
Lack of left eye 4 (10%) Group A defect in all four 
limbs (1) 
Group A defect in right 
wing (1) 
Group A defect in left wing 
( 1) 
Normal limbs ( 1) 
Small left eye 2 (5%) Group A defect in right 
wing (1) 
Group A defect in left leg ( 1) 
Small left and 1 (3%) Group A defects in both 
right eye wings (1) 
Eye of abnormal 2 (5%) Normal limbs (2) 
reduced pigment 
Total 9 (23%) 
its role as a cell adhesion molecule or other cell surface 
associated molecule. When cells from different areas of 
chick limb buds are dissociated, mixed, and cultured, cells 
from different regions sort from one another within 12-18 
hr (Ide et al., 1994). This result suggests that cells in differ-
ent areas might have qualitative or quantitative differences 
in the adhesion molecules they express. When cells are first 
placed in culture, AV-1 protein cannot be detected, either 
because it is stripped from the cells or its antigenicity is 
altered by the enzyme dissociation procedure. AV-1 protein 
is reexpressed in vitro on the second day of culture when 
FGF-2 is present in the medium (Watanabe and Ide, 1993). 
these results argue that the A V-1 is not itself an adhesion 
molecule. 
In order to further our understanding of the function of 
the AV-1 protein and to investigate its role in development 
more directly, it will be necessary to identify and perturb 
the function of the AV-1 gene. 
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